
REPORT DOCUMENTATION PAGE Form Approved 

OMB No. 0704-0188 

Public reporting burden tor this collection of information is estimated to average 1 hour per response, Including the time for reviewing Instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of Information. Sand comments regarding this burden estimate or any other aspect of this 
collection of Information, including suggestions for reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20603.  

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 

14 December  1998 

3. REPORT TYPE AND DATES COVERED 

Final Report 
4. TITLE AND SUBTITLE 

Virtual Auditory Space:  Individual Differences 

6. AUTHOR(S) 

J.C. Middlebrooks 

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESSEES) 

Kresge Hearing Research Institute 
The University of Michigan 
1301 East Ann Street 
Ann Arbor, MI 48109-0506 

9. SPONSORING / MONITORING AGENCY NAMES(S) AND ADDRESSES) 
Office of Naval Research 
Program Officer Harold L. Hawkins ONR342P5 
Ballston Centre Tower One, 800 North Ouincy Street 
Arlington, VA 22217-5660 

5. FUNDING NUMBERS 

GN00014-96-1-5006 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 

a. DISTRIBUTION/AVAILABILITY STATEMENT 

Unlimited 

1Z DISTRIBUTION CODE 

19990104 019 
13. ABSTRACT (Maximum 200 word») 

"Head-related transfer functions" (HRTFs) capture the direction-dependent filter characteristics of the 
external ears. When a sound is filtered by HRTFs measured from a listener's own ears and played over 
headphones, the listener hears a virtual source that is well localized in space. When sounds were filtered 
by other listeners' HRTFs, listeners showed fairly accurate localization in the lateral dimension but 
showed conspicuous vertical and front/back errors. We examined differences among HRTFs measured 
from 45 listeners. We quantified differences by subtracting HRTFs between listeners for corresponding 
locations, then computing the variance of the resulting difference spectra across 393 locations. Inter- 
listener differences could be reduced by shifting HRTFs scaling in frequency. Optimal scalars reduced 
variances by an average of 20.2% across all pairs of listeners and by more than 50% in 9.5% of listener 
pairs. The optimal scalar for any pair of listeners correlated highly with the relative sizes of certain 
physical dimensions. When HRTFs were shifted optimally then used in virtual localization trials, all 
measures of virtual localization performance tended to improve. In the majority of cases, the performance 
penalty for use of HRTFs from another listener was reduced by more than half. 

14. SUBJECT TERMS 

virtual environmentr~HRT F," hümälTTacEbf s" 

15. NUMBER OF PAGES 

16. PRICE CODE 

17. SECURITY CLASSIFICATION 
OF REPORT 

unclassified 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

unclassified 

19. SECURITY CLASSIFICATION 
OFABSTRACT 

unclassified 

20. LIMITATION OF ABSTRACT 

UL 
Standard l-orm 2SHJ (Hev. 2-HS) 
Presetted by ANISE Sad Z39-18 \m 



Final Report, Grant N00014-96-1-5006, "Virtual Auditory Space: Individual Differences", to 
University of Michigan, John C. Middlebrooks, P.I. Performance dates 12/31/95 - 3/27/98. 

Overview of Scientific Progress. "Head-related transfer functions" (HRTFs) capture the 
direction-dependent filter characteristics of the external ears. When a sound is filtered by 
HRTFs measured from a listener's own ears and played over headphones, the listener hears a 
virtual source that is well localized in space. When sounds were filtered by other listeners' 
HRTFs, listeners showed fairly accurate localization in the lateral dimension but showed 
conspicuous vertical and front/back errors. We examined differences among HRTFs measured 
from 45 listeners. We quantified differences by subtracting HRTFs between listeners for 
corresponding locations, then computing the variance of the resulting difference spectra across 
393 locations. Inter-listener differences could be reduced by shifting HRTFs scaling in 
frequency. Optimal scalars reduced variances by an average of 20.2% across all pairs of 
listeners and by more than 50% in 9.5% of listener pairs. The optimal scalar for any pair of 
listeners correlated highly with the relative sizes of certain physical dimensions. When HRTFs 
were shifted optimally then used in virtual localization trials, all measures of virtual localization 
performance tended to improve. In the majority of cases, the performance penalty for use of 
HRTFs from another listener was reduced by more than half. 

Description of Scientific Accomplishments. The principal objective of this research project was 
to develop techniques by which head-related transfer functions (HRTFs) can be processed for 
inter-listener differences, thus making virtual auditory environment technology accessible to a 
broad range of listeners. The major classes of results are that individual differences can be 
reduced by more than half by scaling HRTFs in frequency and that frequency scaling of HRTFs 
result in substantial improvements in location of virtual targets under conditions in which 
listeners use HRTFs recorded from other listeners. Specific accomplishments are described 
below: 

• We recorded HRTFs from 45 human listeners. Each set of HRTFs consisted of recordings 
from left and right ears for sound sources at 400 locations in azimuth and elevation. For the 
purpose of quantitative evaluation, each HRTF was processed with a bank of 85 narrowband 
filters, and a spatial interpolation procedure was used to obtain processed HRTFs at 393 
locations, each representing a constant solid angle. 

We devised a metric to represent the differences between sets of HRTFs for each pair of 
listeners. Log magnitudes in dB of HRTFs for each source location were subtracted, one 
subject from the other, across a frequency band from 3.7 to 12.9 kHz, then the variances of 
the resulting difference spectra were computed. Inter-listener variances for each pair of 
subjects were averaged across all 393 locations. 

Visual inspection of HRTFs indicated that HRTFs from various listeners appeared to vary 
systematically in the position of spectral features (i.e., peaks and notchs) along the frequency 
axis. We found that inter-listener variances could be reduced by scaling HRTFs in frequency 
(or, equivalently, shifting in octave frequency). Scaling by optimal values reduced variances 
by an average of 20.2% across all 990 pair-wise combinations of 45 listeners and by more 
than half in 9.5% of listener pairs. The mean magnitude of the optimal octave frequency 
shift across all pairs of subjects was 0.107 octave (i.e., a scalar of 107.7%). 



• 

• 

Optimal scalars between pairs of listeners correlated with a measure of the ratios of their 
maximum interaural time differences (r= .68). 

Optimal scalars correlated with certain physical dimensions. We measured the widths of 
listeners' heads and several dimensions of their external ears. The highest correlation was a 
correlation of r= .82 between octave frequency scalars and a weighted sum of the width of 
the head and the height of the pinna (from inter-tragal notch to the helix). 

We tested the accuracy of localization of virtual targets under conditions in which listeners 
used HRTFs recorded from their own ears (the own-ear condition), in which HRTFs were 
recorded from other listeners (the other-ear condition), and in which HRTFs from other 
listeners were scaled optimally in frequency (the scaled-ear condition). Fourteen subjects 
were tested in the own-ear condition and in a total of 58 cases in the other-ear condition. 
Eleven of the listeners also were tested in the scaled-ear condition in a total of 21 cases. 

In the other-ear condition, listeners localized fairly accurately in the lateral dimension, 
although the smallest listeners (i.e., those with short interaural delays) tended to overshoot 
the targets when listening through HRTFs measured from larger listeners. Similarly, large 
listeners tended to undershoot when listening through HRTFs measured from small listeners. 

Listeners tended to show conspicuous localization errors in the vertical and front/back 
dimensions. These errors included systematic errors in the vertical dimension within a 
particular quadrant and "quadrant errors" in which targets were mislocalized to the wrong 
down-front, up-front, up-rear, or down-rear quadrant. 

In cases in which small listeners used HRTFs from larger listeners: 1) down-front targets 
often were localized to up-front; 2) up-rear targets often were localized to up-front; and 3) 
frontftack confusions were more common than up/down confusions. 

• In cases in which large listeners used HRTFs from smaller listeners: 1) there was a 
substantial rate of front/back confusions, although the rate was lower than in small- 
listener/large-HRTF cases; and 2) in trials in which there was no quadrant error, there was a 
systematic upward bias in location judgements. 

• The magnitude of virtual-localization errors and the rate of quadrant errors increased in 
proportion to the inter-listener variance between a listener's own HRTFs and the HRTFs 
through which he or she listened. 

• Nearly every quantitative measure of localization accuracy improved when the inter-listener 
variance between HRTFs was reduced by scaling in frequency. In 62% of cases, the increase 
in vertical and front^back error in the other-ear compared to the own-ear condition was 
reduced by more than half by scaling in frequency. 

• 
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